The rubella virus (RV)-encoded protein NSP90, which contains the retinoblastoma protein (Rb)-binding motif LXCXE, interacts with Rb and RV replication is reduced in cells lacking Rb. Whether the LXCXE motif of RV NSP90 itself is essential for Rb binding and virus replication is not known. Therefore, in the present study, the functional role of this motif was investigated by site-directed mutagenesis in a plasmid from which infectious RV RNA can be produced. Three critical mutations in the motif, two substitutions at the conserved cysteine residue (C G and C R) and a deletion of the entire motif, were created. A cell-free translated NSP90 C terminus polypeptide containing the deletion did not bind to Rb and a polypeptide carrying the C R substitution had barely detectable binding affinity for Rb. Rb binding by the C G mutant was reduced significantly compared to that of wild-type protein. Correlating with the binding results, mutant viruses containing the LXRXE and LXGXE motifs had a reduction in replication to 0n5 % and 47 % of the wild-type, respectively, while deletion of the motif was found to be lethal. By the first serial passage, replication of the LXRXE-carrying virus had increased from 0n5 % to 2 % of the wildtype. Sequencing of the genome of this virus revealed a nucleotide change that altered the motif from LXRXE to LXSXE, which is a known Rb-binding motif in two protein phosphatase subunits. Thus, our results clearly demonstrate that the LXCXE motif is required for efficient RV replication.
Introduction
Since the first report that rubella virus (RV) primary infection in pregnant women causes teratogenesis or congenital rubella syndrome, its public health impact has been well recognized (Gregg, 1941) . RV is a positive-strand RNA virus belonging to the genus Rubivirus of the family Togaviridae and has a " 10 kb genome (Frey, 1994) . The genomic RNA encodes two non-structural proteins, NSP150 and NSP90 (Forng & Frey, 1995) , and a putative replicase activity was assigned to NSP90, based on the presence of conserved viral replicase motifs (Frey, 1994) . Evidence available from several studies with RV (Plotkin & Vaheri, 1967 ; Cotlier et al., 1968 ; Yoneda et al., 1986 ; Bowden et al., 1987) strongly supports the idea that in molecular terms, the manifestation of teratogenesis may stem from interactions between RV-encoded proteins and key cellular proteins.
In common with RV infections, foetal infection by human cytomegalovirus (HCMV), a teratogenic DNA virus, also Author for correspondence : C. D. Atreya.
Fax j1 301 827 1825. e-mail Atreya!CBER.FDA.GOV causes developmental abnormalities and birth defects (Jault et al., 1995) . Recently, it has been demonstrated that one of the immediate-early gene products (IE2 86) of HCMV interacts with Rb (Fortunato et al., 1997) . In addition to a fundamental role in the suppression of certain neoplasms, considerable evidence has accumulated to show that Rb is involved in pathways of growth and differentiation in normal cells (Chen et al., 1995) . Many functions of Rb depend on its association with cellular and viral proteins at crucial phases of the cell cycle and identification of Rb-interacting proteins has contributed to our understanding of the molecular mechanisms involved in the regulation of cell growth (Chen et al., 1996 ; Weinberg, 1995 ; Hatakeyama & Weinberg, 1995) .
Recently we identified an Rb-binding LXCXE motif, LPCAE, in NSP90 from several strains of RV, including the current vaccine strain, and demonstrated that in addition to binding Rb in vitro, anti-NSP90 and anti-Rb antibodies mutually coimmunoprecipitate Rb and NSP90 from RV-infected cell lysates (Atreya et al., 1998) . Furthermore, we observed a reduction of RV replication in Rb (−/−) mouse fibroblast cells, suggesting a positive role for Rb-NSP90 interaction in RV replication (Atreya et al., 1998) . A role for Rb in virus replication was also demonstrated recently in the geminiviruses, a group of plant DNA viruses, where a viral protein containing an Rb-binding motif, RepA, was shown to interact with Rb (Xie et al., 1995) . Mutations in the LXCXE motif of RepA were shown to affect geminivirus replication (Xie et al., 1995) .
In the present study, in order to evaluate the role of the Rbbinding LXCXE motif (LPCAE) of NSP90 in RV replication, the motif was either deleted or mutated in an RV cDNA-containing plasmid. The synthetic infectious RNAs produced from these plasmids were tested for their replication efficiency in RVpermissive cells. Our results clearly demonstrate that the LXCXE motif is required for efficient virus replication and provide experimental evidence, for the first time, that RV NSP90, the putative replicase, plays a role in RV replication.
Methods
Cells, virus stock and infection. Vero 76 cells (African green monkey kidney cells) were purchased from the ATCC and were used to maintain a plaque-purified RV stock (strain M33). Vero 76 cells were maintained in Dulbecco's modified Eagle's medium (Gibco BRL) containing 10 % foetal bovine serum, 1 % -glutamine, 100 U\ml penicillin and 50 µg\ml streptomycin. RV infections were carried out at an m.o.i. of 1 p.f.u. per cell.
Construction of full-length RV plasmids containing mutations in the Rb-binding LXCXE motif of NSP90.
A plasmid (Robo-302) containing the complete genomic cDNA of RV RNA (Pugachev et al., 1997) , from which infectious viral RNA can be produced, was kindly provided by T. K. Frey (Georgia State University, Atlanta, USA). A ClaI-PstI cDNA fragment from the RV NSP90 protein-coding sequence ( Fig. 1 a) containing the Rb-binding motif (LXCXE) was subcloned into ClaI\PstI-cleaved pBluescript II KS(j) (Invitrogen). The resultant plasmid (pBSCP) was used as the target for site-directed mutagenesis with the Transformer site-directed mutagenesis kit (Clontech), according to the supplier's protocol. By using appropriate primers, either the entire LXCXE motif was deleted or the sequence encoding the conserved cysteine residue was changed to encode glycine (C G) or arginine (C R) in the target plasmid. The C R mutation introduces a unique and convenient XbaI restriction site for screening for the mutation. Specific mutations were confirmed by nucleotide sequencing of the individual plasmids. Subsequently, the ClaI-PstI DNA fragments containing the individual mutations from each plasmid were subcloned into the Robo-302 plasmid to create genome-size RV plasmids. Robo-302 was renamed pRV-LXCXE in the present report, to identify the wild-type Rb-binding motif it carries, and the plasmids carrying the deletion and the C G and C R mutations were designated pRV-∆LXCXE, pRV-LXGXE and pRV-LXRXE, respectively, as shown in Fig. 1 (a) . We have also reconstituted a plasmid, pRV-LXCXE-MC, by substituting the wild-type ClaI-PstI DNA fragment from pRV-LXCXE into pRV-∆LXCXE, which served as an additional positive control for pRV-∆LXCXE, as described in Results.
Generation of NSP90 C terminus
35 S-labelled polypeptides containing mutations in the LXCXE motif and an in vitro binding assay with glutathione S-transferase (GST) and GST-Rb. By employing a T7 promoter-tagged PCR method, as described previously (Atreya et al., 1998) , the coding sequence of the C-terminal half of NSP90 was amplified from the wild-type and the three mutants by using the pRV plasmids described in the previous section as templates. In the case of the LXSXE mutant, obtained through natural selection as described below, viral RNA was extracted from culture media supernatants and subjected to RT-PCR with the same primers that were utilized for the plasmid templates. The PCR products were subjected to cell-free translation in the presence of [$&S]methionine according to the supplier's protocol (TT system, Promega) as described previously (Atreya et al., 1998) . GST and GST-Rb proteins expressed in E. coli were mixed with the $&S-labelled polypeptides and incubated in a 500 µl reaction containing PBS with 1 % Triton X-100 (PBST) at 4 mC for 1 h. Subsequently, 40 µl glutathione-agarose beads (Pharmacia) was added and incubation was continued for another 30 min. The samples were then pulse-spun and the beads were washed three times with PBST, mixed with 40 µl protein sample dye buffer (Singh et al., 1994) and finally boiled to elute agarose-bound proteins. The eluted samples were subjected to 10 % SDS-PAGE as previously described (Singh et al., 1994) . The dried gels were exposed to Kodak X-Omat MR film and developed in a Kodak film autoprocessor.
In vitro transcription and transfection of infectious RV RNA. The genome-size RV infectious plasmid, pRV-LXCXE, and the mutated versions were linearized with EcoRI for SP6 promoter-driven run-off transcription to synthesize RV infectious RNA as described previously (Pugachev et al., 1997) . One µg of each synthetic viral RNA was used to transfect Vero 76 cells grown in six-well culture dishes, essentially according to Pugachev et al. (1997) . Briefly, the RNA was mixed with Opti-MEM and lipofectin (Gibco BRL) and incubated at room temperature for 10 min before overlaying the mixture on PBS-washed cells. After 4 h of incubation at 37 mC, the transfection mixture was removed and the cells were washed twice with PBS and once with cell culture medium before finally being incubated with the medium. When a pronounced cytopathic effect (CPE) was observed in the wild-type RNAinfected cells (usually 8 days after transfection), supernatants containing progeny virus were harvested and processed for the extraction of virion RNA for nucleotide sequence determination (Atreya et al., 1998) , for plaque assay (Hemphill et al., 1988) to determine virus titres and for an additional passage on Vero 76 cells to test the stability of the mutations.
Amplification of RV-specific sequences by RT-PCR. The RV RNA extracted from the culture supernatants was amplified by an RT-PCR method as described previously (Atreya et al., 1998) to confirm the sequences of the progeny viruses produced after transfecting cells with mutated versions of RV RNA. For this purpose, a pair of PCR primers (forward primer 5h CAGGCCCATTACACCACCAA 3h and reverse primer 5h CGGCGGCAAAGCACCTTGATC 3h) were used to amplify a 505 bp cDNA fragment encompassing the LXCXE motif in the NSP90 coding region. The PCR products were then purified and subjected to nucleotide sequencing. In another RT-PCR experiment to confirm the presence of RV RNA (described in Results), a 912 bp RVspecific sequence in the E1 protein-coding region was amplified as described previously (Bosma et al., 1995) .
Dye-terminator cycle sequencing of plasmid DNA and RT-PCR products. Plasmid DNA was purified with Qiagen miniprep spin columns, according to the supplier's protocol, before being sequenced to confirm the specific mutations created. Purified plasmid DNA or RT-PCR DNA was subjected to dye-terminator cycle sequencing. Briefly, in a final volume of 20 µl, 1 µg of purified plasmid DNA was mixed with 100 ng of the appropriate primer, 1 µl DMSO (5 % final concentration) and 8 µl ABI Prism dye terminator reaction mix (Perkin-Elmer ABI). The reaction mixture was then subjected to dyeterminator cycle sequencing in a GenAmp PCR system 9600 (PerkinElmer ABI) with the standard protocol : 25 cycles of 96 mC for 30 s, 50 mC for 15 s and 60 mC for 4 min, as suggested by the supplier. Sequencing reaction products were precipitated with 95 % ethanol, washed with 70 % DCI ethanol, air-dried and analysed in an automated sequencer (Perkin-Elmer, model PE-ABI Prism 377).
Results

Mutations in the LXCXE motif of NSP90 affect Rb binding in vitro
We have previously demonstrated that in vitro cell-free translated RV NSP90 protein, as well as its C-terminal half (NSP90C), which contains the Rb-binding LXCXE motif, specifically bound GST-Rb, whereas the N-terminal half of NSP90, which lacks the motif, did not bind GST-Rb (Atreya et al., 1998) . In the present study, mutations were created in the LXCXE motif to alter the conserved cysteine residue to either glycine or arginine as well as a mutation that represented complete deletion of the motif (Fig. 1 a) . The C R mutation was made in such a way that an XbaI restriction site was created to allow screening for the mutation (Fig. 1 a) . We chose to introduce mutations at the conserved cysteine residue on the basis of published results with the geminivirus RepA protein ; mutations at this residue affected Rb binding and virus replication (Xie et al., 1995) .
Binding experiments were performed three times with different batches of GST-Rb and cell-free translated NSP90 polypeptides and the results were reproducible. Results of one such experiment are illustrated in Fig. 1 (b) . As depicted in Fig.  1(b) , compared with the wild-type $&S-labelled NSP90C polypeptide (lane 3), the deletion mutant (∆LXCXE) showed no detectable binding to GST-Rb (lane 6) and the C G change (lane 9) significantly decreased binding to GST-Rb (autoradiograph exposure time 18 h). The C R substitution drastically reduced binding, to such an extent that it was detectable only when the gel was exposed to the film for an extended period ; even this overexposed film did not show any binding of the deletion mutant with GST-Rb. These results clearly demonstrate that mutations in the LXCXE motif affect Rb binding in vitro and that deletion of the motif in the NSP90 protein eliminates Rb binding.
Mutations in the LXCXE motif that affect binding of NSP90 to Rb in vitro also modulate RV replication in vivo
The mutations C G and C R in the LXCXE motif that were described in the preceding section were introduced into RV infectious plasmid DNA. By using the resultant plasmids, pRV-∆LXCXE, pRV-LXGXE and pRV-LXRXE, as well as the RV wild-type plasmid pRV-LXCXE and the mock-mutation control pRV-LXCXE-MC, as templates, infectious RNAs were prepared and transfected into Vero 76 cells. When the cells transfected with the RNAs had developed a typical RV-specific CPE (usually 8 days post-transfection), aliquots of culture supernatants from wild-type and mutant virus-infected cells were collected for plaque assays to estimate virus titres and for viral RNA extraction. The RNA was subjected to RV-specific RT-PCR followed by PCR-cycle sequencing of the LXCXE region. Nucleotide sequencing of the RNA confirmed that the C G mutation was present in the progeny virus. However, in the progeny virus that originated from the C R mutation, nucleotide sequencing reproducibly revealed a mixed population of bases at the R codon position, suggesting ongoing selection at this position.
Each of these sets of experiments was repeated three times. Virus titres (p.f.u.\ml), as determined by plaque assay of culture supernatants from three independent experiments, were used to estimate the mean titre, which was expressed as a percentage of the wild-type virus yield. As shown in Fig. 2 (a) , the yields from LXRXE-and LXGXE-carrying mutant viruses were 0n5 % and 47 % of the wild-type, respectively (Fig. 2 a, samples 4 and 5). The deletion mutant (∆LXCXE) did not produce any plaques (Fig. 2 a, sample 2) , suggesting the absence of virus infection\replication. To confirm this, RNA extracted from the culture supernatant of cells transfected with the deletion mutant was subjected to RV-specific RT-PCR, with mock-transfected and wild-type (LXCXE)-transfected cell supernatants as controls. As shown in Fig. 2 (b) , an RV-specific 912 bp PCR product was amplified only in the RV-LXCXE positive control (lane 2) and not from the supernatants collected from cells transfected with the deletion mutant (∆LXCXE) (lane 3) or from the mock-transfection control (lane 4). Thus, from the negative results obtained with the deletion mutant, we ascertained that this mutation was lethal to the virus. In order to confirm that the observed lethal effect was due to the deletion and that it could be recovered by substituting the wild-type sequence, we reconstituted a plasmid, pRV-LXCXE-MC, by substituting the wild-type ClaI-PstI fragment from pRV-LXCXE into pRV-∆LXCXE. The replication efficiencies of the wild-type pRV-LXCXE and the reconstituted pRV-LXCXE-MC were indistinguishable (Fig. 2 a,  samples 1 and 3) , demonstrating that the lethal phenotype observed with the deletion was due to the mutation.
The Rb-binding LXCXE motif in NSP90 is required for efficient virus replication
In order to evaluate the stability of the mutations we had created, virus-containing culture supernatants were subjected to at least two passages and at each passage the presence of the (2) and identification of the change to LXSXE in passage 1 (3) and the stable maintenance of LXSXE in passage 2 (4).
mutations was verified by RT-PCR followed by nucleotide sequencing. During these experiments, the C G amino acid change was stable even after two serial passages of the virus and virus replication, as determined by plaque assay, was not altered. In contrast, the yield of LXRXE progeny virus (containing a mixed population of bases at the R codon position), which was initially less than 0n5 % of the wild-type, had increased to 2 % of the wild-type by the first serial passage (Fig. 3 a) . Sequencing of the LXRXE region of this virus revealed a nucleotide change that altered the amino acid motif from LXRXE to LXSXE (Fig. 3 b) and, as a result, the XbaI site present in the LXRXE motif was lost, as illustrated in Fig. 4 (a) . The digestion pattern of the PCR product demonstrates the presence of the XbaI site in the original mutant virus sequence (Fig. 4 a, lane 2) and its absence due to the sequence change in subsequent passages (Fig. 4 a, lanes 3 and 4) . The change due to selection from LXRXE to LXSXE also enhanced binding of the $&S-labelled NPS90C-LXSXE polypeptide to GST-Rb (Fig.  4 b) compared with the LXRXE version of the labelled peptide ( Fig. 1 b) .
Discussion
In the present study, we have demonstrated that the Rb pocket-binding motif LXCXE present in an RNA virus protein, RV NSP90, is a functional motif required for RV replication. In addition, this study also provides the first experimental evidence that RV NSP90, the putative replicase, in fact has a critical function in virus replication. Deletion of the conserved Rb-binding amino acid motif in NSP90 (∆LXCXE) resulted in the total loss of Rb binding in vitro and deletion of the motif in viral RNA was found to be lethal. A C G amino acid change in the motif reduced Rb binding in vitro and viral RNA containing such a mutation gave a reduction of virus replication to 47 % of the wild-type. An identical amino acid change (C G) in a geminivirus RepA protein was shown to reduce in vitro Rb-binding affinity as well as virus replication (Xie et al., 1995) . Furthermore, a drastic change of C R in the NSP90 LXCXE motif resulted in Rb binding below the level of detection in vitro. Replication of this mutant was 0n5 % that of the wildtype, suggesting that it is a sub-lethal phenotype. Substitutions at the C residue in the LXCXE motif of D-type cyclins, a family of proteins that bind Rb in the cell cycle, have also been shown to affect the interaction of cyclin D with Rb (Dowdy et al., 1993 ; Ewen et al., 1993) .
The C G change was present in progeny virus originating from a transfection with the mutated RV RNA and the mutation was stable even after two serial passages of the virus. However, transfection with RNA of the C R RV mutant resulted in progeny virus whose nucleotide sequence reproducibly contained a mixed population of bases at the R codon position, suggesting ongoing selection at this position. By the first passage, the R residue (codon AGA) of the LXRXE motif was changed to S (codon AGC) due to a selective advantage it conferred on the virus for survival. This amino acid change resulted in increased virus replication from 0n5 % to 2 % of the wild-type. In subsequent passages, the R S change has been maintained in the virus. Thus, selection pressure altered the sub-lethal Rb-binding motif (LXRXE) to a functionally viable motif (LXSXE), leading to virus survival. It has been shown that the Rb-binding motifs present in two protein phosphatase subunits, PP1-α and PP1-α2, have the sequence LXSXE and these proteins bind Rb in a cell cycle-dependent manner (Durfee et al., 1993) . Thus, the natural selection of a stable and viable Rb-binding motif in RV, as we report in this study, suggests that a functional Rb-binding motif (LXCXE or LXSXE) in NSP90 is required for RV replication.
Since RV is an RNA virus, its replication would be thought to be confined to the cytoplasm (Frey, 1994) . Even though both under-and hyper-phosphorylated Rb has been shown to be confined to the nucleus (Templeton, 1992), a diffuse cytoplasmic staining for Rb in mitotic cells, which constitute less than 3 % of the overall cell population, was reported from indirect immunofluorescence studies (Mittnacht & Weinberg, 1991) . In addition, a dysfunctional form of Rb present in Saos-2 cells derived from an osteosarcoma was shown to be localized to the cytoplasm (Shew et al., 1990) . Thus, there is ample evidence from these studies that some form of Rb may exist in the cytoplasm, though it may be at a far lower level than that normally present in the nucleus. In line with these experimental reports suggestive of the existence of cytoplasmic Rb, we have previously demonstrated the RV NSP90-Rb interaction and its physiological relevance in RV biology (Atreya et al., 1998) , even though RV NSP90 has no known nuclear localization signal sequence and is thought to be a cytoplasmic RNA virus protein (Frey, 1994) .
Alternatively, since NSP90 has been assigned a putative replicase function (Frey, 1994) , it is arguable that mutations in NSP90 might affect RV replication independent of any interaction with cellular Rb. Nonetheless, by mutational analysis of RV we have now demonstrated that the virus requires the NSP90 Rb-binding motif for efficient virus replication. Therefore, our results also provide the first experimental evidence that NSP90 plays an important role in RV replication.
As we have reported previously (Atreya et al., 1998) and in the present study, evidence is accumulating that, although RV is an RNA virus, it encodes a protein capable of binding Rb, and this may perhaps be involved in the manifestation of teratogenic effects, in a similar way to HCMV. Support for such speculation can be drawn from the simple fact that induction of teratogenesis is one of the unique characteristics of RV, the sole member of the genus Rubivirus within the family Togaviridae. Other viruses closely related to RV, such as sindbis virus, do not cause teratogenesis and do not possess an RNA genome-encoded protein containing an Rb-binding motif (LXCXE). Therefore, it is tempting to speculate that there may be a common theme involving Rb in virus induction of teratogeny, whether the viral genome is made up of DNA or RNA.
